A longitudinal study investigating personal exposures to PM 2.5 , nitrogen dioxide (NO 2 ), and carbon monoxide (CO) for cardiac compromised individuals was conducted in Toronto, Canada. The aim of the study was (1) to examine the distribution of exposures to PM 2.5 , NO 2 , and CO; and (2) to investigate the relationship between personal exposures and fixed-site ambient measurements of PM 2.5 , NO 2 , and CO. In total, 28 subjects with coronary artery disease wore the Rupprecht & Patashnick ChemPass Personal Sampling System one day a week for a maximum of 10 weeks. The mean (SD) personal exposures were 22 mg m À3 (42), 14 p.p.b. (6), and 1.4 p.p.m (0.5) for PM 2.5 , NO 2 , and CO, respectively. PM 2.5 and CO personal exposures were greater than central fixed-site ambient measurements, while the reverse pattern was observed for NO 2 . Ambient PM 2.5 and NO 2 were correlated with personal exposures to PM 2.5 and NO 2 with median Spearman's correlation coefficients of 0.69 and 0.57, respectively. The correlations between personal exposures and ambient measurements made closest to the subjects' homes or the average of all stations within the study were not stronger than the correlation between personal exposures and central fixed-site measurements. Personal exposures to PM 2.5 were correlated with personal exposures to NO 2 (median Spearman's correlation coefficient of 0.43). This study suggests that central fixed-site measurements of PM 2.5 and NO 2 may be treated as surrogates for personal exposures to PM 2.5 and NO 2 in epidemiological studies, and that NO 2 is a potential confounder of PM 2.5 .
Introduction
Day-to-day variations in ambient levels of PM 2.5 , measured at a central fixed-site monitoring station, have been correlated with daily variations in adverse human health effects (Burnett et al., 1997 (Burnett et al., , 1999 Katsouyanni et al., 1997; Pope et al., 1999; Chock et al., 2000; Lee et al., 2000; Nyberg et al., 2000; Samet et al., 2000a, b; Ballester et al., 2001; Ostro et al., 2001; Raaschou-Nielsen et al., 2001 ). The epidemiological evidence for PM 2.5 has been reviewed (Vedal, 1997; Gamble, 1998; Pope, 2000) extensively during the past several years and the most recent EPA Criteria document represent the most up-to-date and thorough review. Apart from Gamble (1998) , there is general agreement that exposures to particles can exacerbate existing cardiovascular and respiratory diseases, and that daily nonaccidental mortality rates are higher when particle concentrations are higher. However, there remain several problems with current epidemiological studies and the unclear role of gaseous pollutants (e.g. CO, NO 2 , O 3 , SO 2 ) continues to represent one of the more significant concerns.
Time-series epidemiological studies of the effects of shortterm exposure to particulate matter on human health have treated gaseous pollutants as confounders of exposure to PM 2.5 . Gaseous pollutants confound the association between an adverse health effect and PM 2.5 if the gaseous pollutants are correlated with PM 2.5 and the adverse health effect. Time-series studies have investigated the confounding effect of gaseous criteria pollutants by constructing single and multipollutant models, and examining the change in the effect estimate for particulate matter. This is confirmed in a study of short-term exposure to nitrogen dioxide (NO 2 ) and daily variations in mortality in Canadian cities (Burnett et al., 2003) . The major finding was that NO 2 dominated the multipollutant model; an increase in NO 2 concentration of 22.4 p.p.b. was associated with a 2.25% increase in daily nonaccidental mortality rate. A dose-response association between NO 2 and mortality was also determined in the APHEA-2 multicity study conducted in Europe (Samoli et al., 2003) .
Panel studies of personal exposures have attempted to clarify the role of gaseous pollutants in PM 2.5 time series studies. One such study was conducted in Baltimore, Maryland (Sarnat et al., 2001) . Their work built upon previous findings of strong longitudinal associations between personal exposures to PM 2.5 and fixed-site measurements of PM 2.5 (Ebelt et al., 2000; Janssen et al., 2000; Oglesby et al., 2000; Williams et al., 2000; Brauer et al., 2001; Rodes et al., 2001; Rojas-Bracho et al., 2002) . In the Sarnat et al. (2001) study, simultaneous 24-h multipollutant personal exposures and corresponding outdoor concentrations were measured for 56 participants that consisted of children, older adults, and COPD patients. They found that personal exposures to PM 2.5 were not correlated with personal exposures to gaseous air pollutants. Further, they showed that personal exposures to gases did not correlate well with corresponding ambient levels of gases. Personal exposure to PM 2.5 was correlated with ambient concentrations of PM 2.5 , O 3 , NO 2 , and SO 2 . The major implications of this study are that in Baltimore and for the group studied, there is little potential for a confounding effect of gaseous pollutants, and ambient measures of O 3 , NO 2 , and SO 2 are surrogates for personal PM 2.5 exposures; hence, the use of multiple pollutants in epidemiological studies of PM 2.5 may not be suitable for the Baltimore population because ''the health effects attributed to the ambient gases may actually be a result of exposures to PM 2.5 (Sarnat et al., 2001) .'' A limitation of the Sarnat et al. (2001) study was that carbon monoxide (CO) exposures were not measured even though time-series studies have apportioned ambient CO concentrations to a significant portion of cardiovascular health effects (Raub et al., 2000) , and the biological mechanism for the cardiac effect of CO at current ambient levels is plausible (McGrath, 2000) . Further, Sarnat et al. (2001) did not include an analysis of the correlation between ambient PM 2.5 and personal exposures to copollutants. This set of correlations would support their conclusions by answering the question of whether or not ambient PM 2.5 could be a surrogate for personal exposure to another component of the air pollution mix. Clearly, these limitations and the fact that the results may only represent the conditions experienced by their study population and/or those found in Baltimore strongly suggest that additional similar studies are needed.
The current study builds on the work of previous panel studies by (1) examining the distribution of exposures to PM 2.5 , NO 2 , and CO in a specific population with coronary artery disease and (2) investigating the relationship between personal exposures and fixed-site ambient measurements of PM 2.5 , NO 2 , and CO. There are two main hypotheses tested in this study. The first hypothesis is that central fixed-site measurements of PM 2.5 , NO 2 , and CO are not surrogates of personal exposure to PM 2.5 , NO 2 , and CO, respectively. The second hypothesis is that the gaseous pollutants NO 2 and CO are not potential confounders of PM 2.5 . In order to test these hypotheses, personal and fixed site measurements were collected from 28 coronary artery disease patients visiting cardiac rehabilitation clinics in Toronto, Ontario, from 1999 to 2001. For each individual, personal PM 2.5 , CO, and NO 2 measurements were collected 1 day a week for a maximum of 10 weeks. Results, which are reported in this paper, suggest that, at least for the population studied, central fixed-site measurements of PM 2.5 and NO 2 may be treated as surrogates for personal exposures to PM 2.5 and NO 2 in epidemiological studies, and that NO 2 is a potential confounder of PM 2.5 .
Methods

Overall Study Design
The Urban Air Pollution and Cardiac Health (APCH) study was approved by the University of Toronto, Office of Research Services, Human Subjects Ethics Review and the University Health Network Research Ethics Board. Sampling began in August 1999 and continued to November 2001 with the majority of subjects sampled during the summer months. Subjects were followed for 10 weeks with consecutive weekly visits, each visit lasting 24 h. During each visit, subjects were outfitted with an ambulatory electrocardiograph monitor and a portable package of multipollutant exposure samplers (see below). After each visit, the subjects visited a clinic where heart rate variability (HRV) tests were performed and blood samples were collected. The Holter monitor data are the subject of another report. For the purposes of the present study the personal exposure data were compared to fixed site monitoring data.
The subjects who were eligible for this study were those with known coronary artery disease, and were included in the study if there was objective evidence of ischemic heart disease, based on an assessment by a cardiologist and at least one compatible test (e.g. exercise with a thallium/MIBI scan, cardiac angiography, cardiac enzyme, and ECG changes documenting previous myocardial infarction). Subjects were recruited from a major Toronto hospital. Subjects were excluded from the study if they were current smokers, exposed to smoke at home, or occupationally exposed to dust. Subjects who lived with smokers were allowed to participate so long as smoking was done outside the home. Recruitment was made by telephone. Written consent was obtained from study participants prior to the start of each measurement period. A total of 36 subjects started the study, three dropped out after the first visit and one dropped out after the third visit; however, four subjects were part of a pilot study and were not included in the current analysis. Of the remaining 28 subjects, 24 completed the maximum number of 10 measurements, one subject completed nine measurements, another completed eight measurements, and two subjects completed five measurements. Reasons for withdrawal from the study before 10 measurements could be made were severe skin irritation from the electrodes used for Holter monitoring, myocardial infarction, and cardiac surgery.
The air pollution samplers were distributed to the subjects at a mutually agreed upon time and location. This was usually during the daytime at the subject's home but several subjects found it convenient to begin the 24-h sampling period at their workplace or at the clinic where blood samples were collected. Most subjects preferred to be sampled at the same time and day on a weekly basis with the exception of circumstances that disallowed this (e.g. illness). Personal and ambient measurements were conducted on weekdays with the exception of one subject who was sampled on Friday/Saturday.
Information on dwelling characteristics was collected by a questionnaire at the first visit. Questions were asked about demographics, major modes of transportation, exposure to environmental tobacco smoke (ETS), cooking, home appliances, heating/ventilation, cooling, and other pollutants. Further, for each 15 min period within the sampling session, the subjects recorded their activities and changes to location in time-activity diaries; subjects who underwent multipollutant sampling were also asked to record temperature and relative humidity, using a Traceable s Humidity/Temperature Pen (Control Company, Friendswood, TX, USA), whenever they changed locations. At the end of each visit, subjects were asked if they had recorded locations for which they had not taken the air pollution monitor.
Sampling
Personal exposure measurements were conducted using the Rupprecht and Patashnick ChemPass Personal Sampling System (Demokritou et al., 2001) . Collection of particles with aerodynamic diameter less than 2.5 mm (with 50% collection efficiency at 2.5 mm) at a flow rate of 4.0 l.p.m. was achieved using the PM 2.5 personal sampler with a 0.243 cm nozzle diameter. Particles were collected on a 37-mm diameter, 2 mm pore size teflon filter (Pall Corporation, Ville St. Laurent, QC, Canada). The minisampler, an inertial impactor that removes particles larger than 2.5 mm when operated at a flow rate of 0.8 l.p.m., was used to collect particulate samples on quartz fiber filters (Pall Corporation, Ville St. Laurent, QC, Canada) for subsequent analysis for elemental and organic carbon. Silicone grease (Dow Corning Corporation, Midland, MI, USA) was used as the impaction substrate in both samplers to collect and prevent bounce of the larger particles through the system. A single BGI-400S pump (BGI, Inc., Waltham, MA, USA) operated at a combined flow rate of 4.8 l.p.m. was used with a 4.8 V nickel metal hydride battery (BGI, Inc., Waltham, MA, USA) designed to operate a minimum of 24 h upon full charge. One half of the Ogawa passive sampler (Ogawa & Company USA Inc., 1999) was inserted into the side-arm of the elutriator for collection of NO 2 on triethanolamine (TEA) coated cellulose fiber filters. These filters were coated with TEA at Harvard School of Public Health, Harvard University.
In addition to the Harvard MPS, the Langan CO monitor was used to record CO concentrations (Langan Products, Inc., San Francisco, CA, USA). The Langan data-logger is a portable passive diffusion monitor based on an electrochemical sensor, which gives a response that is proportional to the amount of CO in the air. It works on the principle of oxidation-reduction reactions: CO is oxidized to CO 2 in the presence of water, freeing up electrons that are passed through an amplifying circuit; the compensating reaction (reduction) replenishes the water (Langan, 1996) . Two channels were used in this study: channel 1 (low resolution i.e. 1 p.p.m.) with a maximum detection of 128 p.p.m. and channel 3 (high resolution i.e. 0.05 p.p.m.) with a maximum detection of 12.8 p.p.m. CO levels were detected every minute for each study participant's 24 h sampling period.
The air sampling equipment were placed in a backpack that was designed to safely store the equipment and allow the individual to go about his or her normal routine unhampered and without being too conspicuous. The sampling inlet was placed on the front of the backpack at the same level as the subject's personal breathing zone. Subjects were instructed to keep the portable air pollution monitor as close to them as possible during the 24-h sampling period; however, subjects were allowed to place the sampler nearby without obstructing the inlet during sedentary activities (e.g. sleeping) or activities that made wearing the sampler impossible (e.g. aerobics class). Subjects were encouraged not to alter their regular activities on sampling days.
Outdoor air pollution measurements are made at roof level at a University of Toronto location, as part of the National Air Pollution Surveillance (NAPS) network and for ambient PM 2.5 source apportionment studies Lee et al., 2003) . The location of these samplers, as well as the subjects' homes and major corridors in Toronto, are shown in Figure 1 . Pollutants measured included particulate matter, carbon, inorganic ions, water-soluble organic substances, and gaseous pollutants such as CO, NO x , O 3 , and coefficient of haze. PM 2.5 , NO 2 , and CO measurements were used for the present study. In addition, PM 2.5 , NO 2 , and CO data were obtained from provincial monitoring stations located throughout Toronto. Provincial data from the monitoring sites located at Queen's Park, North York, Etobicoke South, and Etobicoke were used in the analysis as these stations bordered the region containing the study participants' residences. PM 2.5 data were not available from Etobicoke, and CO data were not available from North York.
Analytical Procedures for Personal Exposure Samples
Teflon and quartz fiber filters were stored (o90 days) in a refrigerator at 41C until they were analyzed. Cellulose fiber filters for NO 2 measurements were stored in a freezer at À201C. Sample degradation due to prolonged storage was prevented by sealing the Teflon filters in Analyslides (Pall Corporation, Ville St. Laurent, QC, Canada) and the quartz filters in tightly wrapped aluminum foil previously washed with dilute nitric acid, and by preventing direct exposure to UV/visible radiation. Storage stability tests for NO 2 were conducted by exposing 14 NO 2 samplers to ambient air. Samples were analyzed in duplicate at different points in time (1 month apart), and were all within 10% of each other throughout the period of the study. All samples were analyzed within 1 year of the collection date.
Teflon filters were analyzed by gravimetry. Filters were weighed using a Mettler Toledo UMT2 (Mettler-Toledo, Inc., Columbus, OH, USA) microbalance after equilibration in a weighing room where temperature and relative humidity were controlled. The target temperature and relative humidity were 211C and 45%. Filters were weighed in duplicate, and every seventh filter was weighed in quadruplicate for quality control purposes. The quality assurance program involved weighing two external mass pieces (10,000 and 20,000 mg), two blank control filters, and two exposed control filters before weighing the sample filters. These were weighed to document the stability of the weighing conditions. The sample mass was calculated by taking the difference of the average postweight and average preweight.
Cellulose fiber filters were extracted and analyzed for NO 2 À by ion chromatography following the protocol utilized at the Harvard School of Public Health, but excluding the addition of NaOH and H 2 O 2 to the extract. In addition, both conductivity and UV (220 nm) detectors were used to quantify NO 2 À , which was typically found in the extract at a concentration of 0.1 p.p.m. Final NO 2 concentrations were determined from the UV detector results because conductivity results were frequently influenced by coeluting peaks. Consequently, sulfate was not quantified and, thus, SO 2 exposure, which is typically low in Toronto, was not examined in this study. In each IC run quality control samples with concentrations of 0.02, 0.04, 0.1, and 0.2 p.p.m. were included to insure that analytical precision was within acceptable limits (710%). NO 2 concentrations and hence personal exposures were calculated using the method recommended by Ogawa. This is based upon taking into account temperature and relative humidity effects on the diffusion coefficient for NO 2 and the reaction of the TEA-NO 2 complex (Ogawa & Company USA Inc., 1999).
Quality Assurance of Personal Exposure Samples
All sampling equipment was calibrated before use and flow rates were measured again after each sampling period using a BIOS DC-1 ''Dry-Cal'' dry piston flow calibrator (BIOS International Corporation, Butler, NJ, USA). Both the PM 2.5 sampler and the minisampler were attached to the pump via a two-way flow splitter, which consisted of tubing with flow restrictors, one path for an air flow-rate calibrated to 4.0 l.p.m. (PM 2.5 sampler) and the other for an air flowrate of 0.8 l.p.m. (mini-sampler). The stability of the Langan data-logger did not necessitate calibration before and after each use. Zeroing of the data-logger and four-point calibrations (0.5, 3.4, 6.3, 9.1 p.p.m.) were carried out at the beginning and end of each study year. The Langan dataloggers performed well during these calibration checks, recording CO levels that were 710% of calibration gas concentrations and with linear response (R 2 40.9). For filter based sampling methods, a field blank was collected every week by loading each sampler with a filter and placing them inside a subject's bag. A blank correction factor was calculated by averaging results from all field blanks. The method limit of detection (LOD) for each pollutant was estimated as three times the standard deviation of the field blanks divided by the nominal volume. The target sampling volumes for PM 2.5 were 5760 l and ranged from 4630 to 6810 l. Sampling times ranged from 19 to 28 h, with a target of 24 h. For the passive collection of NO 2 , blank correction was carried out on each batch of filters. Nitrite ion was not detected on the majority of blank filters. For NO 2 , the LOD was calculated using the standard deviation of a standard within an order of magnitude of the expected detection limit (Occupational Safety and Health Administration, 1999) . Concentrations below the detection limit were reported as less than the LOD. The LOD for NO 2 (5.6 p.p.b.) was calculated for atmospheric conditions of T ¼ 251C and RH ¼ 50% and a sampling duration of 24 h. This LOD is lower than 7.6 p.p.b. reported by researchers at Harvard University (Chang et al., 1999) , but is higher than the manufacturer reported detection limit of 2.3 p.p.b. (Ogawa & Company USA Inc., 1999). The detection limit for PM 2.5 (1.8 mg m
À3
) is comparable to the detection limit reported by Chang et al. (1999) .
Field tests were conducted to estimate the precision and bias of PM 2.5 , NO 2 , and CO measurements. The precision for each method was determined from 24-hour duplicate measurements (N ¼ 8 for CO, N ¼ 9 for NO 2 , N ¼ 10 for PM 2.5 ); field technicians collected duplicates, as it was unreasonable to request from subjects that they carry two sampling bags. The precision was calculated as the rootmean-square difference divided by the square root of 2, and the coefficient of variation (CV) was calculated as the precision divided by the mean concentration (Chang et al., 1999) . The CV's were 12%, 10%, and 23% for PM 2.5 , NO 2 , and CO respectively. PM 2.5 , NO 2 , and CO measurements from the personal samplers were compared to data from collocated tapered elemental oscillating microbalance (TEOM) and chemiluminescence analysers. The correlations for PM 2.5 , NO 2 , and CO ranged from high to moderate (Spearman correlation coefficients being respectively r ¼ 0.97 (n ¼ 14) for PM 2.5 , r ¼ 0.85 (n ¼ 21) for NO 2 , and r ¼ 0.50 (n ¼ 19) for CO). The poor correlation of collocated samples measured at the central monitoring location, specifically for CO, is a limitation of the study. The correlation between the Langan CO monitor and the fixed-site CO monitor was moderate at best. It is possible that the instruments are not very sensitive to the low ambient levels of CO measured at the central location. What this suggests is that the personal and ambient correlations for CO reported in this study are confounded by this source of error. Other sources of error may have contributed to the lack of strong correlation between the collocated samplers (e.g. different calibration methods for the samplers) making adjustment for the lack of strong correlation between collocated samplers difficult. The results for CO must, therefore, be interpreted with some caution.
Statistical Analysis
Personal exposure and fixed-site monitoring data collected in 2000 and 2001 were analyzed in this study; data from 1999 were not included because they were used in a pilot study. All data were managed using Excel 2000 (Microsoft Corporation, Redmond, WA, USA) and Access 2000 (Microsoft Corporation, Redmond, WA, USA). Statistical analysis was carried out using S-plus 2000 software (Insightful Corporation, Seattle, WA, USA). The mean, median, standard deviation, and range were used to describe the distribution of data. Spearman's correlation coefficients (r s ) were used to investigate the longitudinal relationships (i.e. within subject) between personal exposures and fixed-site monitoring data. Statistical significance was reported at the 0.05 level unless otherwise stated.
Results
Study Population
The median age of the subjects was 64 years. Most were male (89%) and retired (64%). Subjects lived close to the University of Toronto (median distance ¼ 4 km). Subjects lived in detached homes (30%), semidetached and town homes (37%), du/tri/quad-plex (13%), and apartment buildings (20%). In total, 27% of the subjects used gas for cooking. The majority of subjects used gas for heating (68%), and had either central air conditioning or wall air conditioning units for cooling (71%). These and other demographic and dwelling characteristics of the study population are summarized in Table 1 .
The time spent by the study population in various locations was divided into six microenvironments: indoor home, outdoor, transit, restaurant, and other indoor. The restaurant microenvironment, which included cafes and bars, was treated as a separate category because of possible exposure to ETS. The ''other indoor'' microenvironment consisted of time spent in malls, stores, medical/dental offices, office workplaces, barbershops, garages, bus depots, hospitals, art galleries, gyms, karate studios, and a stadium for sporting events. The transit microenvironment included automobiles, buses, trucks, trains, streetcars, boats, and bicycles. The bicycle was included in the transit microenvironment because of typically close proximity to motor vehicles. The outdoor microenvironment included both residential and downtown locations. On average, the subjects spent the most time at home indoors (75.6%) followed by other indoor (12.3%), in restaurants (0.7%), in transit (6.1%), and outdoors (5.3%). The study was weighted towards weekdays and, thus, the results may be difficult to generalize to weekend exposures and pollutant relationships.
Time-activity patterns for retired (N ¼ 18) and working (N ¼ 10) study participants were compared using the Wilcoxon rank-sum test. Retired study participants spent significantly more time than working subjects at home (median ¼ 80.9% vs. 60.5%, Po0.0001) and outdoors (median ¼ 3.8% vs. 1.1%, P ¼ 0.0006). Working subjects spent significantly more time than retired subjects in other indoor locations because they were at work for a large portion of the day (median ¼ 20.1% vs. 6.1%, Po0.0001). Working subjects also spent more time in restaurants but the median time spent in restaurants was the same for working and retired subjects (median ¼ 0%, P ¼ 0.0001). Time spent in transit microenvironments was not significantly different between working and retired subjects (median ¼ 5.5% vs. 5.2%, P ¼ 0.7). The average duration (minutes) spent in each microenvironment is shown in Figure 2 .
Air Pollution Concentrations
Summary statistics for personal exposures and fixed-site ambient levels of PM 2.5 , CO, and NO 2 measured at the central location are shown in Table 2 
Associations within Personal Exposures and within Ambient Measurements
The associations between PM 2.5 and NO 2 , PM 2.5 and CO, and NO 2 and CO for personal exposures and for central fixed-site ambient measurements are summarized in Table 3 . Of the 28 subjects, 13 did not have NO 2 measurements because sampling for NO 2 began in the second year of the APCH study. The correlations for 24 h ambient levels were weak with the exception of PM 2.5 -NO 2 (median r s ¼ 0.52). Figure 2 . Comparison of time-activity profiles for retired and working study participants. The Y-axis shows the mean duration (minutes) spent in the home, other indoor, restaurant, transit, and outdoor microenvironments. There were 18 retired subjects and 10 working subjects in the study. Across all subjects, the association between PM 2.5 and NO 2 was moderate (median r s ¼ 0.43) and least variable, ranging from r s ¼ À0.03 to 0.78. The associations PM 2.5 -CO and NO 2 -CO were on average weak but highly variable, ranging from strongly negative to strongly positive. At the fixed central site, ambient associations among the three pollutants ranged from moderate to strong. The NO 2 -CO association was strongest (median r s ¼ 0.81). The correlations among the ambient measurements were less variable relative to the personal exposure associations. The median Spearman's correlations did not change much (approximately 70.05) when subjects without NO 2 personal exposure measurements were excluded from the analysis, with the exception of the median correlation between personal exposure to PM 2.5 and CO (median r s ¼ 0.16 for all subjects and median r s ¼ 0.33 for subjects with NO 2 measurements of personal exposure). This suggests that the subjects without NO 2 personal exposure measurements were possibly affected more by local sources of PM 2.5 and CO, hence decreasing the correlation between personal exposures to PM 2.5 and CO.
For illustration of the variability of the associations among PM 2.5 , CO, and NO 2 within subjects and within ambient measurements, personal exposures and average fixed-site ambient levels of PM 2.5 , NO 2 , and CO are plotted for a randomly selected subject (see Figure 3 ). This individual worked in an office during the study, spending several hours in an automobile mainly for commuting to work. The within personal exposures correlations PM 2.5 -NO 2 , PM 2.5 -CO, and NO 2 -CO were relatively weak (r s ¼ 0.07, 0.33, À0.50, respectively). During the same period, ambient PM 2.5 -NO 2 , PM 2.5 -CO, and NO 2 -CO correlations ranged from moderate to weak (r s ¼ 0.52, 0.21, 0.27, respectively). In contrast, for a different subject (this individual was retired), the within personal exposures correlations PM 2.5 -NO 2 , PM 2.5 -CO, and NO 2 -CO ranged from relatively strong to moderate (r s ¼ 0.49, 0.91, 0.50, respectively). During the Spearman's correlation coefficients were calculated for each subject. Figure 3. Sampling day-to-day variation in personal exposures and average of all fixed-site ambient measurements of PM 2.5 , NO 2 , and CO for one subject. This subject was a working individual who commuted to the office in an automobile. The subject lived in an apartment that was close to a major road and a highway. The sampling days are not consecutive days but 1 day per week over consecutive weeks for a maximum of 10 sampling days.
same period, ambient PM 2.5 -NO 2 , PM 2.5 -CO, and NO 2 -CO correlations ranged from strong to weak (r s ¼ 0.18, 0.08, 0.98 respectively).
Association between Personal Exposures and Ambient Measurements
Fixed-site monitoring data from provincial monitoring stations closest to each subject's residence, and the average of all stations within the study area, were compared to personal exposures. Due to spatial variability within the study area, data from a monitoring station closest to the study participant's home should be expected to be more correlated with personal exposures than data from a central fixed-site monitoring station because the subjects spent the majority of their times at home. Furthermore, the greater the spatial variability in ambient levels, the more likely it is that the near-home ambient data provide the strongest correlation with personal exposure. Of the 24 subjects, 10 were found to live closer to one of the provincial stations as opposed to our central station. The average of monitoring data from all stations was not more strongly correlated with the personal exposures relative to the association between personal exposures and measurements made at the central location (Table 4) . Also, the association between personal exposures and ambient measurements closest to these subjects' homes were not stronger than the association with the central site. Thus, for our study population, most of whom lived closest to the central location, use of multiple ambient sites does not provide a better measure of day to day variations in personal PM 2.5 , NO 2 , or CO exposure. However, this observation may not hold for different meteorological conditions (i.e. winter), which can be expected to have an impact upon the spatial variability in ambient concentrations across the city. Nine ''cross-pollutant'' associations between personal exposures and ambient measurements of PM 2.5 , NO 2 , and CO made at the central location are summarized in Table 5 . The strongest correlation was between personal exposure to PM 2.5 and ambient PM 2.5 (median r s ¼ 0.69). Further, the personal-ambient PM 2.5 correlation coefficients were mostly positive. The association between personal exposure to NO 2 and ambient NO 2 was moderately strong (median r s ¼ 0.57) and ranged from À0.36 to 0.94. All other associations ranged from weak to moderate. Ambient CO was not strongly correlated with personal exposures to PM 2.5 , NO 2 , and CO.
Discussion
The results indicate that elderly cardiac patients can be recruited and retained for short-term panel studies that Table 4 . Summary of correlations between personal exposures and fixed-site ambient measurements made at a central location (Central), provincial monitoring site closest to the study participants' homes (Closest station), and the average of measurements made at all monitoring sites (All). require both cardiac and air pollution monitoring. Despite the burdensome nature of the study, only four of 32 subjects completed less than five visits. The main reason cited by these individuals was difficulty in scheduling sampling days into their weekday schedules. Three of the four subjects who dropped out were working. Preferential dropout of working subjects may have lowered the variability of personal exposures, and possibly inflated the correlation coefficients for the association between personal exposures and fixed-site ambient measurements. As expected, the time-activity profiles for this study panel were different from the adult respondents in the Canadian Human Activity Pattern Survey (Leech et al., 1996) . Adults (418 years) in this survey spent 64.3% of their time each day indoors at home, 22.0% at work or other indoor microenvironments, 2.1% in a bar or restaurant, 5.5% outdoors, and 6.0% in a vehicle. The subjects in the present study spent more time indoors at home (75.6%), and less time in other indoor microenvironments (12.3%) and in restaurants (0.7%). Subjects spent comparable amounts of time outdoors and in vehicles. Since time-activity patterns are important determinants of personal exposure to particles, it is expected that health compromised individuals have different exposure characteristics compared to the general population. Conversely, the differences between the adult respondents in the Canadian Human Activity Pattern Survey and the current study may be due to changes in their usual activities on those days when they were being monitored (Grufferman, 1999) . For these reasons, it is difficult to generalize the results from this study to the population at large.
All possible correlations between personal exposures and central fixed-site ambient measurements of PM 2.5 , NO 2 , and CO were estimated to examine the potential for exposure misclassification in epidemiological studies caused by the use of central fixed-site measurements as surrogates for personal exposures. Relatively strong personal-ambient associations were found for PM 2.5 and NO 2 , suggesting that ambient PM 2.5 and NO 2 may be used as surrogates of personal exposure to PM 2.5 and NO 2 , respectively. Sarnat et al. (2001) found different results. They did not find a strong correlation between personal exposures and ambient measurements for NO 2 , but did for PM 2.5 . It was hypothesized that their results may have been biased by the assumption that standard conditions of 701F and 50% relative humidity applied to the NO 2 alpha values (Ogawa & Company USA Inc., 1999), which are used to calculate NO 2 concentrations (Wolfson, M., personal communication, March 13, 2001 ). This hypothesis was tested in the current study by having subjects, for whom NO 2 was measured, record temperature and relative humidity in all locations that they visited with a Traceable s Humidity/Temperature Pen. The associations between ambient NO 2 averaged across all stations and (1) personal exposures to NO 2 assuming standard conditions of 701F and 50% relative humidity (median r s ¼ 0.58) and (2) personal exposures to NO 2 using measured temperature and relative humidity (median r s ¼ 0.55) were not substantially different.
Moreover, fixed-site ambient measurements of PM 2.5 , NO 2 , and CO made at provincial monitoring sites closer to the subjects' homes did not improve the correlation between personal exposures and ambient measurements. Also, the correlation between the average of all monitoring data and personal exposures to PM 2.5 , NO 2 , and CO was not stronger. These results are not very different from the findings of Ebelt et al. (2000) who did not find stronger correlations between personal exposures and ambient levels measured closest to the subjects' homes for COPD patients living in Vancouver, Canada. The current study's findings were not unexpected given the observed lack of spatial variability in PM 2.5 , NO 2 , and CO levels reported at each of the provincial monitoring stations within the study area. In fact, summary statistics of PM 2.5 , NO 2 , and CO measurements made at the provincial monitoring stations suggest that ambient levels measured at these stations are comparable to those made at the central location (see Table 2 ). All study participants lived within a radius of 25 km from the central ambient monitoring station (see Figure 1) ; hence, the observed correlation patterns between personal exposures and ambient monitoring data from stations closer to each subject's home were not unexpected. Overall, for this study population, the use of monitors closest to each subject's home or the average of data from all monitoring stations within the small study area are not expected to provide better predictions of personal exposures than data from a central fixed-site monitoring station. However, as the map now clearly reveals, a good distribution of residence locations was not available; hence, reassigning the closest monitoring site, instead of Gage, to the persons probably only affected a few subjects.
Correlations within personal exposures and central fixedsite ambient measurements were calculated to examine the role of NO 2 and CO as potential confounders of PM 2.5 exposures in epidemiological studies. A confounding variable is correlated with the exposure of interest (Last, 2001) . Epidemiological studies to date have treated gaseous pollutants as confounders in their risk models based on the existing correlations among pollutants at the ambient level. In this study, examination of the associations among ambient measurements of PM 2.5 , NO 2 , and CO suggested that there is potential for confounding of the adverse health effect of PM 2.5 and NO 2 since the PM 2.5 -NO 2 , and PM 2.5 -CO correlations were not weak. At the individual level, the PM 2.5 -NO 2 correlation was moderate and the PM 2.5 -CO correlation was weak. This result suggests that PM 2.5 and NO 2 may act as confounding variables for the adverse health effect attributed to each pollutant. The role of ambient CO is unclear. Ambient CO is strongly correlated with ambient NO 2 (median r s ¼ 0.81); thus, ambient CO was also expected to be moderately correlated with personal exposure to NO 2 but the association was weak (median r s ¼ 0.17). This observation may be due to measurement method limitations and to the fact that while CO and NO 2 both originate from combustion sources in Toronto, NO 2 concentrations depend upon conversion from NO. Thus, NO 2 spatial and temporal variations are influenced by an additional factor compared to CO.
Personal exposures to CO did not vary much from sampling day to day, so it may be that CO exposures are negligible in terms of observing day-to-day differences. In such a case, it would not be appropriate to use ambient CO as a surrogate for personal CO in longitudinal epidemiological studies. Based on analysis of the 1 min resolution CO data, the personal daily maximum CO level measured ranged from 1.1 p.p.m. to greater than 128 p.p.m. (this was the detection limit of the Langan data-logger). As a result, an alternative to personal exposure measurements (i.e. ambient measurements) may not exist for the study of the adverse health effects of CO exposure.
This study was limited to measuring the exposures of cardiac compromised people from the months of May to December. During this time 61% of the subjects kept their windows open all the time (or opened them daily), permitting a greater exchange of air between indoor and outdoor air. As a result, stronger correlations are expected between personal exposures and ambient levels of PM 2.5 , CO, and NO 2 . Given the high frequency of open windows due to the study emphasis on the summer months, the applicability of the results to other seasons should be treated with some caution. The associations between personal exposures and ambient levels may be quite different during the winter season. For example, it is possible that the personal-ambient associations for PM 2.5 and NO 2 may decrease, especially for people who live in homes where there is an indoor source of the pollutant (e.g. homes with gas stoves). If the seasonal change in personal-ambient associations is similar among the three pollutants studied here (i.e. assume that closing windows impacts them similarly) then the relative differences in the personal-ambient association between them that are reported in this paper may be representative of the overall pattern. However, these situations are dependent on the time-activity patterns of individuals, air exchange rates and the indoor and outdoor sources of PM 2.5 , NO 2 , and CO that contribute toward personal exposures. Therefore, in order to determine the amount of personal PM 2.5 , CO, and NO 2 that comes from indoor and outdoor sources, and to more confidently explain personal-ambient associations, it would be necessary, at a minimum to measure indoor (at home) PM 2.5 , CO, and NO 2 concentrations as well as air exchange rates for a range of home conditions and to conduct studies throughout the year, as well as in other urban areas.
Conclusions
This study adds further clarity to the role of NO 2 and CO in PM 2.5 epidemiological studies. The main implication of the above results is that central fixed-site measurements of ambient PM 2.5 and NO 2 may be surrogates of personal exposure to PM 2.5 and NO 2 in time-series epidemiological studies in Toronto. Further, the existing correlation between PM 2.5 and NO 2 for both ambient measurements and personal exposures suggests that there is potential for NO 2 to be a confounder of PM 2.5 , and vice versa. Therefore, it may be appropriate for time-series epidemiological studies to control for confounding by NO 2 in PM 2.5 risk models, and vice versa. However, one must be cautious when controlling for the effects of copollutants as issues of exposure measurement error need to be elucidated further (i.e. central monitoring station data vs. local monitoring station data vs. average of all monitoring station data, seasonal differences, geographic differences). The role of ambient CO is unclear given the correlation patterns observed in this study. Further work to identify and quantify the sources of personal exposures may help explain these findings.
